Haemophilus influenzae colonizes the mucosa of the upper respiratory tract of 50 to 80% of adults and children (32) . The prevalence of upper respiratory tract colonization by H. influenzae type b (Hib) is only 2 to 4% (32) ; however, Hib is a common cause of bacteremia in young children. Bacteremia due to Hib may subsequently cause sepsis or localized invasive diseases such as meningitis (25, 26) . Intravascular replication may play an important role in the early steps of the pathogenesis of invasive disease (21) , and intravascular bacterial density may be a determinant of focal invasive disease (16) .
Heme is an essential nutrient for H. influenzae (9) . (Heme in this manuscript indicates ferrous or ferric protoporphyrin IX.) However, heme is hydrophobic and it is contained by heme proteins such as hemoglobin, catalase, and cytochromc c, which function in oxygen transport, detoxification of oxygen derivatives, and electron transport, respectively. In addition, heme is bound by the serum proteins hemopexin (Kd, < 10-12) and albumin (Kd, -5 x 10-7), and hemoglobin binds to haptoglobin with such affinity that the Kd has not been determined (1, 15, 23) . Although the role of hemopexin and albumin in host defenses against microbial invasion has not been investigated, binding of hemoglobin to haptoglobin effectively sequesters iron from Escherichia coli (8) .
The goals of this investigation were to determine which heme-containing proteins may be sources of this essential nutrient for growth of H. influenzae and to determine the ability of hemopexin, albumin, and haptoglobin to serve as host defenses by heme starvation of H. influenzae.
MATERIALS AND METHODS
Bacteria and culture conditions. All strains required heme and ,-NAD for growth. Typing was determined by agglutination with Difco (Detroit, Mich.) antisera. Growth curves were performed with strain Ela, a streptomycin-resistant, stably encapsulated cerebrospinal fluid (CSF) isolate (29) . Other CSF isolates included C65 from Seattle, Wash., C148 from the Medical College of Pennsylvania, Philadelphia, Pa., and R152 from Charles Prober, Toronto, Ontario, Canada. The unencapsulated strains C120, C132, and C136 were obtained from eye cultures and respiratory tract cultures at St. Christopher's Hospital for Children (Philadelphia, Pa.). Strains R211, R212, R213, and R214 were type b throat isolates from healthy children, as previously described (27) . Supplemented brain heart infusion (Difco) consisted of brain heart infusion broth containing heme and P-NAD (each at 10 Rg/ml). Haemophilus defined medium (HDM) was a modification of the medium described by Catlin (4). All of the described reagents were included except EDTA, sodium lactate, glycerol, polyvinyl alcohol, spermine, 2,2'2'-nitrolotriethanol, and Tween 80. The final concentrations of methionine and sodium acetate were 0.01 and 1 mM, respectively. Freshly prepared heme was added separately in the quantities described for each experiment. Plates were prepared from media contaiing 1.5% agar (Difco). After plating onto brain heart infusion agar containing heme and 3-NAD (each at 10 p.g/ml) from a stock maintained in skim milk at -70°C, the plate was incubated overnight at 37°C in 5% CO2 and stored at 4°C. (18) .
Human serum hemopexin was purified by affinity chromatography as described by Tsutusi and Mueller (31) with modifications. Briefly, 200 ,ug of heme was dissolved in 15 ml of N,N-dimethylformamide (spectrophotometric grade), and 200 mg of N,N-carbonyldiimidazole was added. The mixture was heated for 15 min at 80°C and then cooled to room temperature. Aminoethylagarose (10 ml) washed with N,Ndimethylformamide was added, and the coupling reaction was allowed to proceed for 18 h. The heme-agarose was washed in decreasing concentrations of N,N-dimethylformamide and, finally, 200 ml of distilled water. After being washed with 200 ml of 25% pyridine, the heme-agarose was washed with distilled water and stored in the dark at 4°C. Serum (5 ml) diluted 20-fold in 0.5 M NaCI-10 mM sodium phosphate (NP buffer), pH 7.5, was delivered to a column containing 2 ml of heme-agarose. After being washed with 200 bed volumes of NP buffer, the hemopexin was eluted with 8 M urea in NP buffer, pH 6.0. After extensive dialysis against deionized, distilled water, the solution was concentrated to 2 ml by vacuum dialysis. The solution was sterilized by brief exposure to UV light; a sample was cultured to assure sterility, and the remainder was stored at -20°C. Hemopexin saturation was calculated by assuming 1:1 molar binding and a molecular weight of 57,000 (22) . Hemopexin was incubated with heme for 20 min at room temperature before nondenaturing polyacrylamide gel electrophoresis (PAGE) or testing in bioassays. Hemopexin function was confirmed by altered heme mobility in nondenaturing PAGE, and the purity was 70% or greater as determined by sodium dodecyl sulfate (SDS)-PAGE ( Fig. 1 ). Heme contamination of hemopexin was undetectable by the pyridine hemochromagen method, indicating less than 10% saturation. Heme was added to the hemopexin preparation to achieve 50% saturation of the hemopexin for use in growth experiments.
Human serum haptoglobin was purified with the affinity resin described by Delers et al. (6) . Haptoglobin was also obtained from Calbiochem-Behring (La Jolla, Calif.).
Haptoglobin was incubated with hemoglobin at room temperature for 20 min before the bioassays. As the results with commercially available haptoglobin were similar to those obtained with the purified preparations, the results were pooled. Haptoglobin saturation was calculated by assuming 1:1 molar binding of subunits with a molecular weight of 85,000 (33) .
Outer membrane proteins. Outer membrane proteins were prepared with Triton X-100 from organisms grown to stationary phase in a replete concentration of heme (10 ,ug/ml) or a growth-limiting heme concentration (0.005 ,ug/ml) as previously described, with minor modifications (28) . Growth restriction was defined as a slower growth rate and lower final bacterial density compared with growth in replete concentrations of heme. Briefly, organisms from 50 to 150 ml were pelleted by centrifugation at 15,000 x g for 15 min and suspended in 5.0 ml of 0.75 M sucrose-10 mM Tris-acetate, pH 7.8 (T buffer), containing 0.75 M sucrose, 5 mM MgCl2, 100 jig of DNase per ml, 100 p.g of RNase per ml, and 100 ,ug of lysozyme per ml. Cells were ruptured by sonification six times for 15 s with a salt water bath for cooling. After centrifugation at 1.500 x g for 15 min, crude membranes in the supernatant were pelleted at 90,000 x g for 1 h. The pellet was suspended in 2 ml of 2% Triton X-100 in T buffer. After 30 min at room temperature the solution was centrifuged at 90,000 x g for 1 h. The pellet was again extracted with 2% Triton X-100 in T buffer. The final pellet was suspended in water and stored at -70°C.
Analytical methods. SDS-PAGE was performed as previously described (28) . Nondenaturing PAGE was performed by the same method with the following modifications. In addition to heme proteins which contain heme as a functional ligand, hemopexin and haptoglobin are serum proteins which avidly bind and transport heme and hemoglobin, respectively. Heme bound to hemopexin (50% saturated) was readily available for growth of strain E1a in contrast to free heme. Similarly, the heme moiety of hemoglobin was readily available, even when bound to haptoglobin (50% saturated).
Heme acquisition of strain Ela in plate assays. Heme acquisition by strain Ela in the plate assays was similar to that in broth (Fig. 4) . Hemoglobin provided a readily available source of heme for growth of strain Eia. Binding heme and hemoglobin to hemopexin and haptoglobin did not prevent growth of strain Ela. Binding hemoglobin to haptoglobin decreased the growth zone diameter, although dense bacterial growth was evident. This difference in zone diameter may be due to reduced diffusion of the hemoglobinhaptoglobin macromolecular complex compared with hemoglobin alone. The relative lack of availability of heme from catalase and lactoperoxidase was confirmed in the HDMagar assay; growth zones were not detectable around wells containing 0.1 ,ug of heme as lactoperoxidase or catalase. However, a small zone of growth was detected around the well containing a 10-fold greater quantity of catalase; in contrast, no zone of growth was detected around the well containing a 10-fold greater quantity of lactoperoxidase.
Heme acquisition by other strains of H. influenzae. To determine whether strain Ela was unique in its pattern of heme acquisition, untypable strains and type b strains of H. influenzae isolated from mucosal surfaces of healthy children were compared with invasive type b isolates (Table 1 ). All strains acquired heme from hemoglobin. Binding heme to hemopexin or albumin increased the growth zone diameter, possibly because of associated increased solubility. Inducible outer membrane proteins. As an initial step in determining possible mechanisms of acquisition of heme, we compared the outer membrane protein profile of strain Ela grown in limiting concentrations of heme (0.005 p.gIml) or heme-replete conditions (10 ,ug/ml). A heme-repressible Serum proteins which bind iron and iron-containing compounds may function in host defense by starving invasive pathogens for this essential element (3). E. coli produces low-molecular-weight iron-binding compounds called siderophores during iron starvation, and certain siderophores are effective in removing iron from transferrin (7, 11, 14) . Hemoglobin is also an efficient source of iron for E. coli. However, binding hemoglobin with haptoglobin effectively sequesters the iron and, presumably, the heme from E. coli. The above data indicate that both invasive and noninvasive isolates of H. influenzae efficiently remove heme from hemoglobin bound to haptoglobin. Thus, haptoglobin may not function as a host defense factor against H. influenzae. The ability of hemopexin or albumin to sequester heme or iron from bacteria has not been previously investigated. The above data indicate that heme bound to hemopexin or albumin is readily available to H. influenzae. Herrington and Sparling (12) demonstrated that iron-transferrin can provide the iron necessary for growth of H. influenzae; it is not yet clear whether acquisition of heme from the above sources will meet the total iron requirements of H. influenzae.
These data raise important questions concerning the molecular mechanisms of acquisition of heme which is avidly bound to proteins. Future studies will focus on acquisition of iron within the heme moiety and the genetics of iron acquisition in H. influenzae.
